In the present work, molecular dynamics study of diffusion of Gamma-Aminobutyric acid in water at different temperatures (298.2 K, 303.2 K, 313.2 K, 323.2 K, 333.2 K) have been performed. The solute and solvent is modeled using OPLS-AA platform. The structure of the system is analyzed using RDF of different atom/molecule pairs. In all the cases, at least two or more peaks were obtained which suggests appreciable amount of interaction between atoms and molecules. The self diffusion coefficient of GABA and water is calculated from mean square displacement (MSD) plot using Einstein's relation. Binary diffusion coefficient is obtained from self diffusion coefficient using Darken's relation. Binary diffusion coefficient agrees well with the previously reported experimental data within an error of around 7%. The temperature dependence of self diffusion coefficients of GABA in water follows the Arrhenius behaviour. With the help of Arrhenius plot, we estimate the activation energy. The activation energy of water agrees well with the previously reported experimental data within an error of around 17%.
INTRODUCTION
Amino acids are regarded as the building block of proteins. An amino acid contains an amino group (−NH 2 ) and carboxyl group (−COOH) as its functional group along with an alkyl group (-R) as a side chain which determines the specific type of amino acids. Gamma-Aminobutyric Acid (γ-Aminobutyric acid) is a four carbon, non protein amino acid having γ carbon linked with an amino group 1 . It is also known as GABA. The IUPAC name of GABA is 4-aminobutanoic acid. GABA is highly soluble in water. It is found mostly as a zwitterion such that the carboxyl group is deprotonated and the amino group is protonated. The chemical formula of GABA is C 4 H 9 NO 2 .
GABA is synthesized in our body from glutamate in the presence of enzyme L-glutamic acid and decarboxylase. These enzymes convert glutamate into gamma-aminobutyric acid 2 . The deficiency of GABA causes anxiety, drowsiness, blurred vision, irritation, memory problems, fatigue and swelling of limbs. GABA is also used as a drug for anti-anxiety and anticonvulsive effects. With the help of diffusion phenomena, the tuning of inhibitory neurotransmission of GABA receptor is performed. The results of the experiment concluded that the GABA diffusion is linked to the changes in the intracellular Ca 2+ concentration 3 . The system of GABA transporters in neural cell plays an efficient role in terminating the GABAergic neurotransmission 4 . Experiments have been carried out to demonstrate the involvement of GABA transport in hepatic uptake of taurine in rats 5 . The GABA and Glutamate transporters are reported to keep the excitatory amino acids low and provide amino acids for the metabolic purposes 6 . We can conclude that the GABA transport plays a significant role in the mammalian central nervous system. Molecular dynamics simulations have been performed to study the solvation effects of water and trifluoroethanol on gamma-aminobutyric acid. On studying the GABA-water interactions, the simulations yielded results that showed strong interaction among the GABA molecules and water molecules. This explained that GABA is capable of breaking water-hydrogen bonds and interfering in the hydrogen bonding of the corresponding water 7 . Water is an indispensable part of biological macromolecules. Life on earth cannot be imagined without water. Water holds a huge significance in all the metabolic processes taking place in our body. Despite the experimental estimation of the diffusion process of GABA 15 , to the best of our knowledge, there has been no molecular dynamics study on the diffusion of GABA in water.
DIFFUSION
Diffusion is the process by which matter is transported from one region of a system having higher concentration to the region of a system having lower concentration as a result of random molecular motions 8 . Self diffusion is the diffusion process which occurs in a homogeneous system where no chemical concentration gradient exists. It is measured in terms of self diffusion coefficient. The mathematical expression used to calculate the self diffusion coefficient from molecular position is known as the Einstein's relation 9 . For a 3D system, the relation between the self diffusion coefficient and mean square displacement is given by:
Here, r(t) − r(0) is change of position of diffusing particle in time t. .... represents the ensemble average of quantity inside the angled bracket. The mean square displacement of diffusing particle is given by [r(t) − r(0)] 2 . The graph with time along x -axis and mean square displacement along y -axis gives mean square displacement plot. The slope of the MSD plot when divided by six gives self -diffusion coefficients.
Binary diffusion is the diffusion process which occurs in a heterogeneous system containing two different species in a binary mixture. It is measured in terms of diffusion coefficient. The expression for binary diffusion coefficient is given by Darken's relation 10 .
where, D 12 = binary diffusion coefficient, D 1 , D 2 = self diffusion coefficients of species 1 and 2 respectively, N 1 , N 2 = mole fractions of species 1 and 2 respectively.
COMPUTATIONAL DETAILS

Modeling of System
The method used for computing the equilibrium and transport properties of classical many body systems is molecular dynamics. It provides detailed microscopic modeling on the atomic or molecular scale to study the dynamic of the molecule. If the positions and velocities of an atom are known, molecular dynamics is one of the best methods to predict the state of a system at any time. Also, the trajectory helps to calculate the equilibrium and the transport properties 11 . In MD simulations, we proceed by solving Newton's equation of motion for a system of N atoms interacting according to a potential energy U .
where m i is mass of i th particle, r i is the position of the particle, U(r) is the average potential experienced by the i th particle and F i is the mean force on the particle.
We begin the process of molecular dynamics by preparing the model of the system under our research problem. The potential functions for the interaction of these atoms and molecules are derived empirically. The instantaneous force acting on an individual particles is calculated using the potential functions along with the force field parameters 12 . The total potential energy of a system is sum of all interaction potential energy:
Simulation was carried out for GABA-water system at a different temperatures. GABA is a four carbon, non protein amino acid. The amino group is linked with the gamma carbon. The different atoms in the molecule have different partial charges due to the difference in electronegativity. The electrostatic properties are determined by the partial charges. The LJ parameters define the van der Waals interaction. The bonded and non-bonded interactions are also taken into account. The interactions were parametrized by using OPLS-AA force field. We have used SPC/E model of water in our simulation. The water model maintains an electrically neutral water molecule by taking 3 atoms (2 H-atoms and 1 O-atom) at each atomic site with a partial charge of +0.4238e for H atom and −0.8476e for O-atom where e is the elementary charge having magnitude 1.6022 × 10 −19 Coulomb 13 .
In GROMACS, these parameters are presented in file named spce.itp. The force field parameters for flexible SPC/E model are presented below: First column represents the name of atoms. The second column presents the atomic number of a respective atom and the third column gives the mass of atoms in the atomic mass unit. The fourth column presents partial charge in atoms. The fifth column gives the particle type and here A stands for the atom. Sixth and seventh columns give parameters C6 and C12 respectively of the corresponding atom.
Before solvation, only three molecules of GABA are present in the box. A complete system for our simulation, after the solvation of molecules in water. The process of energy minimization is employed in order to ensure that our system for simulation is not far from equilibration. We have used steepest descent method for energy minimization which is represented by integrator = steep. emtol = 50.0 represents force tolerance in units kJmole −1 nm −1 , emstep = 0.002 gives the step size for position in nm. If no particle in the system experiences forces greater than emtol, the system is said to be in the state of minimum energy. Temperature and pressure coupling is not required in this step. The system after adding 1035 water molecules in simulation box containing 3 GABA molecules is shown in FIG.1 .
After energy minimization, the system is in one of the local potential minima. In GROMACS, the system is brought in thermal equilibrium by coupling it with thermostat and barostat. Thermostat and barostat are used to rescale temperature and pressure of the system to the desired value. Rescaling temperature using thermostat is also termed temperature coupling and rescaling pressure of system using barostat is termed as pressure coupling. Particle Mesh Ewald (PME) is a method employed for the better performance of the reciprocal sum. This method assigns a charge to the grid using interpolation. The grid undergoes Fourier transformation which yields reciprocal energy term through a single sum over the grid in K -space. The inverse transformation is used for the calculation of the potential at grid points. The forces on each atom are obtained by using the interpolation factors. It is used for coulomb interaction with Fourier spacing of 0.3 with cutoff distance 1.0 nm 16 . Velocity -rescaling is used for temperature coupling. Our run is carried out at five different temperatures 298.2 K, 303.2 K, 313.2 K, 323.2 K and 333.2 K and reference temperature ref t has been set accordingly. Pressure coupling is done using Berendsen barostat to pressure 1 bar. Isothermal compressibility of 4.6 x 10 −5 bar −1 is used for box rescaling. Velocity is generated in agreement with thermal energy. During equilibration run all the bonds are converted into constraints using constraint algorithm LINCS.
After the equilibration, the system is ready for a production run. It is the step in which the diffusion coefficient is calculated. The simulation is done in NVT ensemble and there is no pressure coupling. All the bonds are held fixed using LINCS algorithm.
RESULTS AND DISCUSSION
In this section, we discuss the structural and dynamical properties of the constituents of the systems.
STRUCTURE OF THE SYSTEM
Structural analysis of a system has been carried out by the help of radial distribution function (RDF). It gives the relative preference of particle's position in reference to certain atom as a function of radial distance.
Radial Distribution Function of Solvent
RDF of solvent reveals the equilibrium structure of the water molecules in the simulation box. As we have used SPC/E model, hydrogen in water does not take part explicitly in LJ interactions with any other atoms and its effects are included in united atom model. We have used RDF g OW −OW to study the structure of water molecules. reference oxygen of water is 0.274 nm. Beyond the third peak, the plot is a straight line and has a mean value of one. With the increase in temperature, the peak height is decreasing while the width is increasing. As the temperature increases, the thermal agitation increases in temperature and this fact accounts for this effect in the graph. TABLE II shows the main result of RDF of a solvent. The value of σ for OW-OW is 0.3165 nm. The corresponding van der waals radius is 0.3553 nm. TABLE II shows that the value of excluded region is less than that of the van der Waals radius. This agrees with the theory that there is a zero probability of finding the particle in excluded region. 
Radial Distribution Function of OW-N1
GABA contains one N H 2 group as discussed in chapter one . FIG.4 depicts RDF g OW −N 1 at different temperatures. It gives probability of finding N of GABA around the reference oxygen atom of water, relative to that for an ideal gas. The value of σ for OW-N1 is 0.3233 nm. The corresponding van der Waals radius is 0.3629 nm. TA-BLE III shows that the value of excluded region is less than that of the van der Waals radius. This agrees with the theory that there is a zero probability of finding the particle in the excluded region. The value of σ for OW-H7 is 0.1583 nm. The corresponding van der Waals radius is 0.1776 nm. TA-BLE III shows that the value of excluded region is less than that of the van der Waals radius. This agrees with the theory that there is a zero probability of finding the particle in the excluded region. The value of σ for OW-O2 is 0.3083 nm. The corresponding van der Waals radius is 0.3461 nm. TA-BLE V shows that the value of excluded region is less than that of the van der Waals radius. This agrees with the theory that there is a zero probability of finding the particle in the excluded region. in FIG.7 , the slope of MSD plot increases with the increase in temperature. Self -diffusion coefficient of GABA also increases with the increase in temperature.
FIG. 4 represents the RDF g OW
Self Diffusion coefficient of Water
We have estimated self diffusion coefficient D S W of water at different temperatures. The self diffusion coefficient of water was found to be increased with increase in temperature. From FIG.8 it is clear that slope of the MSD plot increases with the increase in temperature. As the self -diffusion coefficient is directly related with a slope of MSD plot, we can conclude that the self -diffusion coefficient of water increases with the increase in temperature.
Binary Diffusion Coefficient of GABA-water System
Our system has 3 GABA molecules and 1035 water molecules for 298. Temperature is one of the important factors for diffusion. The diffusion is high at higher temperature whereas low at a lower temperature. The relation between the diffusion and temperature is given by the Arrhenius formula 8 .
Here. D o is called pre-exponent factor, E a is the activation energy for diffusion, T is the absoulute temperature, N A is Avogadro number, k B is the Boltzmann constant
The Arrhenius plot is plot between ln(D) and reciprocal of absolute temperature (T). The slope of the Arrhenius plot gives the activation energy of the diffusion process 8 . The activation energy is given by,
The intercept, extrapolated to the 1/T → 0, gives the pre-exponential factor. With the help of Arrhenius diagrams, we can estimate the activation energy of our system. The activation energy as estimated from simulation are presented in TABLE VII. The activation energy of water was compared with the experimental results 14 . The estimated value of activation energy of water agreed well with the experimental value within an error of around 17 %. This error can be accounted to the fact that our system contains both the GABA molecules and water. But the activation energy reported in the experiment 14 is of pure water only. 
CONCLUSIONS AND CONCLUDING REMARKS
A molecular dynamics study of a system containing water molecules and GABA molecules were carried out at temperatures 298.2 K, 303.2 K, 313.2 K, 323.2 K and 333.2 K. The simulation was done using software package GROMACS. The solute and solvent are modeled using OPLS-AA force field. The equilibration was done for 200 ns and the production run was done for 100 ns. PME was used for coulomb interaction, as a result of which there was no restriction in Coulomb interaction.
The energy profile at different temperature are studied to check the equilibration of our system. At 298.2 K, the average total energy is -40612.70 ± 0.38 kJ mol −1 . Since the total energy is negative, the system at 298.2 K is also bound and stable. Similar results were obtained for other temperatures too. The transfer of mass, diffusion of the system is studied. Self diffusion coefficients of GABA and water are studied using Einstein's method. The self diffusion coefficients are calculated using MSD plots. The binary diffusion coefficient was calculated using the Darken's relation. The binary diffusion coefficient of GABA-water mixture at different temperatures is found to be in good agreement with the experimental data reported in 15 within error 7%. RDF of different pairs of atoms OW-OW, OW-H7, OW-O2 and OW-N1 are used to study the equilibrium structure of the system. The diffusion coefficients were found to be dependent on the temperature as they showed Arrhenius behavior. We can conclude that molecular dynamics is an effective tool for the study of transport properties of biomolecules. The calculated values of diffusion coefficient at different temperatures can be taken as reference for future studies.
This study can be extended in future to the study of diffusion of GABA in another solvents like methanol, acetonitrile, etc. Moreover, other transport properties such as thermal conductivity and viscosity can also be studied. We can also carry out similar work for other amino acids.
